Introduction
It is estimated that one-third of the world population is infected with Mycobacterium tuberculosis. Infection with M. tuberculosis causes a wide spectrum of pathologies, from asymptomatic infection, to progressive pulmonary or extrapulmonary tuberculosis, including disease caused by reactivation. Tuberculosis is the leading cause of death due to infectious disease worldwide, with an estimated 8 million new cases and 3 million deaths each year. 1, 2 Recently, the problem of tuberculosis has been exacerbated by the emergence of isoniazid, rifampin and ethambutol resistance in M. tuberculosis. 3 The host defense mechanisms against this infection and the mechanisms underlying long-term persistence and replication of mycobacteria in mononuclear phagocytes remain unclear and need to be better understood. Such host defense mechanisms can manifest themselves as genetic determinants of innate resistance or susceptibility in human populations from endemic areas of disease and during epidemics, as well as by strain variation in animal models of such infections. A genetic component of susceptibility to tuberculosis in humans has been suggested by population studies and studies in twins. 4 Indeed, studies of residents of nursing homes in Arkansas and of male inmates of prisons from two states (in an outbreak situation) show that black people have a two-fold increase in relative risk of becoming infected with M. tuberculosis, compared to whites, and as measured by conversion to a positive tuberculin test. 5 Furthermore, a recent study of first contact epidemics in Yanomami indians of Brazil, identified both a unique high prevalence of active disease and high prevalence of tuberculin skin test anergy when compared to controls of different ethnic origin from the same region. 6 Finally, results from independent studies in twins showing higher concordance rates of tuberculosis in monozygous twins vs dizygous twins 7, 8 provide the most compelling evidence that host genes can affect outcome of infection with M. tuberculosis. The genetic analysis of a complex trait such as susceptibility to tuberculosis is extremely difficult in humans due to variable pathogenicity determinants of the bacterium, unequal exposure, incomplete penetrance, phenocopies, locus heterogeneity, and polygenic effects. 4 Case-control studies in endemic areas of tuberculosis using candidate genes have revealed association of susceptibility to disease with alleles of genes encoding the macrophage natural resistance protein NRAMP1, 9 the vitamin D receptor, 10 and HLA-DQ 11 in specific populations. However, the overall effect of these genes is acknowledged to be small, and other genes are certain to play a role in susceptibility to human tuberculosis.
Complex traits may be studied in genetically well defined inbred, recombinant or congenic strains of mice where single gene effects have either naturally segregated or have been experimentally isolated by breeding. Results from these studies can in turn provide candidate genes that can then be tested in humans. Differences in susceptibility to tuberculosis have been noted over the past 50 years in a variety of inbred and outbred mouse strains, using different M. tuberculosis isolates, different infection routes and doses, and different evaluations of susceptibility. [12] [13] [14] [15] [16] When studied, genetic control of susceptibility appeared multigenic, 14 including a recent study that suggested six chromosomal regions contributing to the reported difference between the A/Sn and I/St strains in M. tuberculosis infection-induced body weight loss. 17 Although a role for H-2 genes in genetic susceptibility (H-2k protective over H-2b) has been identified, 18, 19 additional genes have yet to be identified.
Using survival time after infection with 1 × 10 5 M. tuberculosis i.v. as an expression of susceptibility/ resistance, a recent study classified inbred mouse strains into either highly susceptible (CBA, C3H, DBA/2J, 129SvJ) or highly resistant (C57Bl/6J, BALB/c) to tuberculosis with median survival time varying between 67-114 days and 239-251 days for susceptible and resistant strains, respectively. 19 Similar results were obtained by aerosol infection (1 × 10 2 CFU), with DBA/2J being very sensitive (MST, 110 days) and C57Bl/6J and BALB/c being very resistant (MST, 245 and 315 days, respectively). 19 Susceptibility in DBA/2J mice is associated with severe lung pathology concomitant to rapid and unrestricted replication of M. tuberculosis in this organ, resulting in 100-fold more CFUs at 100 days after infection, when compared to resistant BALB/c. The enhanced bacillar replication in DBA/2J is specific to the lungs, as both DBA/2J and BALB/c can stabilize infection in liver and spleen to the same extent. 20 Histopathology analysis indicates a greater number of larger acid-fast bacilli-containing lesions and severe tissue necrosis in DBA/2J mice when compared to resistant animals. 20, 21 In the present study, we have used a whole genome scan and a quantitative trait locus (QTL) analysis in an informative F2 population derived from susceptible DBA/2J and resistant C57Bl/6J to localize the genes that control the unique susceptibility of DBA/2J animals to M. tuberculosis replication in the lungs.
Results
The DBA/2J mouse strain is very susceptible to acute infection with M. tuberculosis, when introduced either by the intravenous or aerosol route, with very severe lung pathology associated with rapid bacterial replication in this organ. 19 This uncontrolled replication is specific to the lungs, is not seen in other test organs such as liver and spleen, and thus resembles the pathology of tuberculosis associated with immunosuppression in humans. Although the infection is also lethal for C57Bl/6J mice, this strain like BALB/c is more resistant to infection as measured by bacillar replication, type of lesions in the lungs and median survival time. 19 The aim of this study was to analyze the complexity of the genetic component and map individual gene(s) controlling the pronounced susceptibility of DBA/2J mice. For this, an informative (DBA/2J × C57Bl/6J) F2 cross was generated, and 95 male and female animals of this cross, as well as DBA/2J and C57Bl/6J controls, were infected by the intravenous route with 1 × 10 5 live M. tuberculosis H37Rv. Infected mice were observed daily and severely moribund animals were sacrificed. The survival time of individual animals from the (B6D2) F2 cross as well as parental controls is shown in Figure 1 . In this experiment, susceptible DBA/2J mice succumbed to infection between day 85 and 127 with a median survival time (MST) of 105 days. On the other hand, resistant C57Bl/6J mice did not start dying until day 188 with the last mouse dying at day 293, with a corresponding MST of 240 days (Figure 1 ). Survival times in individuals from the (B6D2) F2 population showed a continuous distribution (day 71 to day 255) between that of resistant C57Bl/6J and DBA/2J susceptible progenitors, and all animals died. The MST value for the F2 cross was 130 days, a number closer to that seen in the susceptible than resistant progenitor. This suggests that susceptibility does not segregate as a recessive trait in this cross. In addition, the distribution of survival times in the (B6D2) F2 mice did not appear to be multimodal, suggesting that the differential resistance of B6 and D2 mice is not caused by a single gene. No effect of sex on survival was noted in the (B6D2) F2 population (t-test of mean differences = 0.650, P Ͼ 0.50).
Lungs from (B6D2) F2 mice succumbing early or late during infection in the range of susceptible and resistant parents were examined macroscopically and microscopically. At the time of death, lungs of (B6D2) F2 mice that died early (day 71) were strikingly similar in appearance to lungs of DBA/2J mice that died at the same period (day 85). They were edematous and swollen and showed numerous white lesions at their surface. Histological examination revealed large lesions throughout the lungs that appeared to collectively occupy about 50% of the lung volume. Each lesion was seen as an area of exudative, necrotic alveolitis in which contiguous air sacs were swollen and filled with degenerating neutrophils replete with acid-fast bacilli (Figure 2a-2f) . In contrast, histological appearance of lungs of B6 mice sacrificed on day 80 of infection ( Figure 2g-2i ) was strikingly different, with small lesions that consisted of areas of alveolitis (Figure 2g ) populated by macrophages and lymphocytes and associated with large aggregates of lymphoid cells ( Figure 2h) ; some of the macrophages contained acid-fast bacilli, but the lesions contained relatively few bacilli (Figure 2i ). The lungs of long-lived (B6D2) F2 mice could not be analyzed at day 70-80, since these animals could not be identified at the time of testing moribund, susceptible (B6D2) F2 individuals. However lungs from longsurviving (B6D2) F2 mice were analyzed at the time of death (day 232) (Figure 3 ), and were found to be extensively consolidated by interstitial expansion and occupation of air sacs with epithelial and mononuclear cells, some of which were positive for acid-fast bacilli. The histopathology profile of long-surviving (B6D2) F2 mice (day 230) is strikingly similar to that we have previously reported for innately resistant (B6D2) F1 mice sacrificed at day 250. 22 Thus, histopathological analysis indicates that the distinct phentoypes of the DBA/2J and C57Bl/6J parental strains with respect to host response and lung pathology are recapitulated in (B6D2) F2 animals dying early and late after M. tuberculosis infection.
The continuous distribution seen in (B6D2) F2 mice with respect to survival suggests that survival to infection behaves as a quantitative trait amenable to study by quantitative trait locus (QTL) mapping. QTL mapping was carried out by a whole genome scan approach using survival time (log 10 ) as a phenotypic trait. For this, genomic DNAs isolated from individual F2 mice prior to infection were genotyped with a total of 163 polymorphic dinucleotide repeat markers informative for DBA/2J and C57Bl/6J (http://carbon.wi.edu:8000/cgi-bin/mouse/ index), using standard procedures. These markers provided an average coverage of 10 cM along each chromosome. In addition, a single non-polymorphic marker for Chr.Y (SRY 23 ) was used to ascertain sex (markers are listed in Table 1 ). The largest distance separating any two markers or one marker from chromosome end was 18 cM for the proximal portion of Chr.X, and 18.6 cM for the distal portion of Chr.7. The genetic markers were assigned to, and mapped within the chromosomes by multipoint linkage analysis, using the Mapmaker/EXP version 3.0. The order of markers onto chromosomes was identical to those in published maps (wwwgenome.wi.mit.edu). Genome-wide multipoint linkage analysis was performed using Mapmaker/EXP version 3.0 and Mapmaker/QTL 1.1. 24 The results from this analysis are shown as multiple point LOD score traces ( Figure 4 ), and numerical data for individual intervals shown in Table 2 . Statistically significant linkages were identified on two chromosomes, with a third chromosome showing suggestive evidence by genome-wide criteria. 25 A significant linkage was identified on the distal portion of Chr.1, overlapping a region of 25-30 cM with maximum linkage to markers D1Mit265/396/425 ( 2 (2) = 21.2-22.1; LOD = 4.80, P Ͻ 0.000015; Table 2 ). This locus accounted for approximately 21% of the phenotypic variance. A second linkage was identified on the proximal portion of Chr.7, overlapping a region of 25 cM with maximum linkage to markers D7Mit117/270/228 ( 2 (2) = 21.4; LOD = 4.66, P Ͻ 0.000015; Table 2 ). This locus accounted for approximately 21% of the variance. A two-locus assessment for the Chr. 1 and Chr. 7 loci showed a LOD score of 9.01 ( ), explaining 45.3% of the variance. Therefore, the three loci mapped in this study account for approximately half of the phenotypic variance between the two parents, with respect to survival time after infection and were given the provisional appellation Trl-1, Trl-2, and Trl-3 (Tuberculosis resistance locus) for linkages on chromosomes 1, 3 and 7, respectively. A parallel analysis was conducted using weight at the time of death as a phenotypic marker; this analysis detected a strong association due to sex on chromosome X only. Evaluation of the weight data after controlling for phenotypic sex differences by linear regression eliminated these apparent effects.
To ,c) , a DBA/2J mouse that died at day 85 (d,e,f) and a C57Bl/6J mouse sacrificed at day 80 (g,h,i) were fixed, sectioned and stained for acid-fast bacilli followed by counter-straining with methylene blue. Magnifications from left to right are ×16.5, ×135, and ×400. Lung lesions of the (B6D2) F2 and DBA/2J mice are similar at all magnifications, consisting of an exudative, necrotic alveolitis. The extended, cell-filled air sacs (arrows) are seen at the lowest magnification (a,d) and can be seen to be filled predominantly with neutrophils replete with acid-fast bacilli at high magnification (c,f). In contrast, the lung pathology at sites of infection in the B6 mouse can be seen at low (g) and medium (h) magnification to consist of a macrophage-dominated alveolitis (M) with associated aggregates of lymphoid cells (L). At high power (i), some of the epithelioid macrophages can be seen to contain acidfast bacilli (arrows). 374, 213, 156, 19, 181, 415, 493, 218, 196, 265, 396, 425, D11Mit226, 19, 20, 349, 194, 39, 67, 224, 103 109, 145, 206, 541, 150, 361, 221, 209 D12Mit12, 153, 34, 14, 118, 233, 20 D2Mit1, 32, 367, 61, 91, 436, 164, 401, 225, 311, 200 D13Mit271, 60, 139, 250, 145, 293, 35 D3Mit176, 306, 69, 241, 51, 72, 156, 106, 17, 128 D14Mit207, 45, 18, 5, 39, 193, 161, 265, 266 D4Mit101, 39, 237, 214, 152, 303, 124, 148, 33 D15Mit252, 229, 63, 118, 72, 171, 41 D5Mit348, 233, 201, 157, 406, 95, 168, 409 D16Mit55, 100, 101, 84, 158 D6Mit86, 33, 9, 230, 25, 137 D17Mit100, 11, 68, 159, 127, 129 D7Mit178, 117, 270, 228, 158, 193, 30, 220, 330, 333 D18Mit94, 89, 33, 213 D8Mit3, 191, 25, 195, 266, 211, 200, 156 D19Mit109, 127, 106, 66, 38, 1, 137 D9Mit90, 66, 154, 102, 196, 12, 116 DXMit166, 115, 117, 186 D10Mit298, 51, 44, 15, 186, 42, 133, 179 Chromosome Y: SRY a a Not a polymorphic marker but was used to verify sex.
homozygosity at all three loci in the same animal on survival to infection.
Discussion
Clear inter-strain differences in susceptibility to infection with M. tuberculosis have been described in mice and can thus be used for the possible mapping of individual loci affecting host defense mechanisms against this infection. In turn, these newly identified loci may provide valuable tools to study parallel effects of syntenic chromosomal regions in humans by association and linkage studies in individuals from endemic areas of disease. Ultimately, the molecular cloning of such genes may identify new potential targets for therapeutic intervention in tuberculosis. We used a genetic analysis to map individual loci contributing to the dramatic differential susceptibility of DBA/2J and C57Bl/6J to infection with M. tuberculosis, that is phenotypically expressed as differences in microbial replication in the lung, severity and type of lung pathology, and overall survival time, the phenotypic measure used in this study. Histopathological analysis indicates that the distinct phenotypes of the DBA/2J and C57Bl/6J parental strains with respect to host response and lung pathology are recapitulated in (B6D2) F2 animals dying early and late after M. tuberculosis inoculation. Lung lesions in susceptible animals (DBA/2J parent, short-lived F2 survivors) were seen as regions of exudative necrotic alveolitis as we previously described. 21 On the other hand, lesions in resistant C57Bl/6J mice sacrificed at the same time (day 80) were totally different and dominated by epithelioid macrophages and lymphocytes, similar to those we have previously described for resistant strains BALB/c and C57Bl/6J. 21 Because survival time was used as a phenotypic measure of susceptibility, the histopathology of long-surviving (B6D2) F2 mice could not be analyzed at day 80, but is presumed to resemble that detected in resistant C57Bl/6J (Figure 2g-2i) , BALB/c 19, 20 and (B6D2) F1 resistant progenitors, 22 namely a macrophage-dominated alveolitis with few acid-fast bacilli. Indeed, at the time of death of resistant (B6D2) F2 mice (day 230), the chronic histopathology in the lungs was similar to that we previously observed for resistant (B6D2) F1 progenitors sacrificed at day 250. 22 Using a whole genome scan in (B6D2) F2 mice, we have localized three loci: Trl-1, Trl-2 and Trl-3 that together account for almost half of the phenotypic variance observed in an informative (B6D2) F2 population of segregating animals. The remaining 50% of the phenotypic variance is likely to be accounted for by the action of additional genes indicating that, as is the case for humans, susceptibility to tuberculosis is a highly complex and polygenic trait in mice. Haplotype analysis at the three loci reveals that the resistance alleles are contrib- uted by the resistant C57Bl/6J parent. In addition, analysis of the data using 2 and 3 loci models indicate that the contribution of the three loci is additive with little epistasis detected. Thus, these three loci together provide a major contribution and play a major role in regulating susceptibility to M. tuberculosis infection.
The three loci mapped in this study appear to be novel loci. Indeed, only two published studies document whole genome scans for QTLs that may affect host resistance to M. tuberculosis infection, 17, 26 and the loci mapped in our study appear distinct from those mapped by these two groups. The Chr.1 Nramp1 locus plays a key role in host resistance against several intracellular infections in mice, including several mycobacterial species, 27 and NRAMP1 alleles have been associated with susceptibility to tuberculosis, 9 and leprosy in humans. 28 However, Trl-1 on Chr.1 identified in our study (map position 74 cM; 1999 Chr.1 committee report; www.informatics.jax.org) 29 On the other hand, linkage of susceptibility to infection with high doses of M. tuberculosis (1 × 10 6 , i.v.) was recently reported with the Chr.1 marker D1Mit49 (Map position 54 cM) in a study using a (C3H × C57Bl/6J) F2 cross. 26 The relationship between the D1Mit49 linkage and Trl-1 mapped in the present study is difficult to establish with certainty, however they appear to be different as D1Mit49 maps 25 cM proximal to Trl-1. Interestingly, D1Mit49 maps very close to another host resistance locus recently mapped in a (M. molossinus × C57Bl/6J) F2 intercross as a genetic modifier of Nramp1, and that controls susceptibility to infection with Salmonella typhimuirum. 30 Finally, a locus (Tir3) which affects susceptibility to trypanosomiasis as measured by survival time was recently mapped in a BALB/c × C57Bl/6J cross to the distal part of Chr.1. We did not detect any linkage to chromosomes 5, 8, 9, 10 and 17 in our study. In addition, we did not observe any effect of sex on susceptibility to infection, and body weight at the time of death did not show any specific linkage in the (B6D2) F2 analyzed here, once data was regressed to account for gender of the animals. The lack of correlation in the QTLs mapped in the two studies indicate unrelated genetic controls that can be accounted for by differences in (a) mouse strains used, (b) infection protocol and infectious inoculum size, (c) phenotypes analyzed, and (d) pathologies observed in the two parental strains causing much more rapid death following infection. Finally, Trl-3 identified here does not appear to map near any host resistance locus identified to date.
The genetic basis of differential susceptibility to infection in susceptible mouse strains such as DBA/2J and resistant strains such as BALB/c 20, 22 and C57Bl/6J (Figure 2 ) is phenotypically expressed in the lungs as (i) a more rapid growth and more extensive replication of the bacilli, and (ii) a very different immune and inflammatory host responses to bacterial load leading to distinct pathologies and types of lesions. Although the linkages identified here cover substantial chromosomal segments (15-25 cM), it is possible to consider potential candidate genes in these regions that may, by virtue of their known function in host immune or inflammatory responses, contribute to the observed phenotypes. Trl-1 overlaps several interesting mapped genes that fall in this category. The chemokine receptor CXCR4 (map position 67 cM) is expressed on T lymphocytes and binds to the SDF-1␣/␤ ligand, and plays an important role in the activation of naïve CD45RA + T cells. 32 It has been proposed that antigen-presenting, SDF-1 secreting dendritic cells can acti- vate naïve CXCR4-positive naïve T cells upon migration to lymph nodes. 33 This region also contains the gene for interleukin 10 (IL-10; map position 70 cM), a cytokine produced by T cells (Th2) and macrophages, that blocks IFN-␥ synthesis by T cells, and cytokine synthesis by macrophages. It is a potent suppressor of effector function of macrophages, T cells, B cells and NK cells. 34 Studies in IL-10-deficient mice show that it has potent antiinflammatory activity, and plays an important role in balancing protective and pathologic immune response during infection with intracellular parasites. 35, 36 Indeed, IL-10 −/− mice show increased susceptibility to infection with Plasmodium chabaudi, 37 Toxoplasma gondii, 38 and Trypanosoma cruzi, 39 associated with increased expression of inflammatory mediators such as IFN-␥, TNF-␣, and IL-12. On the other hand, the same exacerbated response has beneficial effects in that it increases resistance of IL-10 mutant mice to infection with Listeria monocytogenes, 40 Chlamydia trachomatis, 41 and Mycobacterium bovis (BCG).
42
Trl-1 also overlaps the structural genes for the neutrophil cytosolic factor 2 (Ncf2, map position 76 cM), the Fas ligand (FasL, map position 85cM), and a cluster of three selectins (Sele, Sell, Selp, map position 86 cM). Ncf2 encodes the p67 phox subunit of the multisubunit complex NADPH-dependent oxidase. 43 This key enzyme is abundant in neutrophils and is delivered to microbecontaining phagosomes, where it plays a central role in the generation of superoxide which in turn combines with water to produce the bactericidal species H 2 O 2 . In humans, mutations in p67 phox cause chronic granulomatous disease, a complex pathology associated with recurrent infections with catalase-positive bacteria and fungi. 43 On the other hand, Fas-L is expressed by activated T cells, and together with its receptor Fas play an important role in down-regulation of immune responses, through apoptosis of antigen-stimulated T cells. 44 Naturally occurring mutation at Fas (lpr) or in Fas-L (gld) have been characterized and shown to cause lymphoadenopathy 475 and inflammatory disease. Infection of either lpr or gld mice with Leishmania major results in progressive lesions that do not heal when compared to syngeneic controls. 45 Finally, selectins (L, P and E) are a group of cell surface adhesion molecules expressed on leukocytes and on endothelial cells which play an important role in leukocyte adherence to and migration across endothelial cells during inflammatory responses. Mutant mice defective in both P and E-selectin show extreme leukocytosis, but become susceptible to cutaneous infections. 46 With respect to the weaker QTL, Trl-2 (peak position 33 cM), it overlaps three interleukin and interleukin receptor genes, including IL-2, IL-12 ('a' subunit), and IL-6 receptor ␣ chain (Map positions, 19, 37 and 42 cM, respectively), all of which participate in host immune response. IL-2 is produced by antigen-or mitogen-stimulated T cells, and has many biological activities including induction of growth and activation of T cells, B cells and NK cells. Deficiency in IL-2 and its receptor result in generalized fatal immunoproliferative disorder (XSCID) involving multiple organs, 47 and loss of self tolerance, including severe fatal colitis in the mouse. 48 Of particular interest is IL-12, which is produced by mononuclear phagocytes in response to a variety of pathogens, and induces differentiation of naïve CD4
+ T cells into antigenspecific, IFN-␥ producing Th1 cells. This response is essential to host bactericidal activity against obligate intracellular pathogens. 49 In humans, mutations in the IL-12R cause severe immunodeficiency, associated with recurrent intracellular infections with Mycobacterium and Salmonella. 50, 51 Introduction of a null allele at the IL-12 locus on a C57Bl/6J genetic background abrogates natural resistance to infection with M. tuberculosis, 52 and Leishmania major. 53 Finally, IL-6 and its receptor (IL-6R, one subunit of which maps on Chr.3) act synergistically with a number of other growth factors and cytokines to sustain normal proliferation and maturation of macrophages, T and B cells, and megakaryocytes. 49 IL-6 also behaves as an anti-inflammatory cytokine to control local and systemic inflammatory responses. 54 Additional experiments are required to formally test the candidacy of any of these genes as Trl-1 and Trl-2. Finally, Trl-3 (peak position 18 cM) which accounts for 20% of the phenotypic variance does not show any obvious candidate genes and proteins possibly associated with host inflammatory or immune responses. The phenotypic contribution of each of these loci to the overall susceptibility of DBA/2J and resistance of C57Bl/6J can now be studied in reciprocal congenic mouse lines, where each locus has been fixed on the opposite genetic background by continuous backcrossing.
The results presented in this study now permit the evaluation of a possible association of the corresponding syntenic human chromosomal regions in susceptibility to tuberculosis. The proximal portion of the Chr.1 Trl-1 is syntenic with human 2qter, while the more distal portion is syntenic with human 1q21-1q31. The Chr.3 Trl-2 is syntenic with human 3q25 and 4q31, while the Chr.7 Trl-3 is syntenic with human 19q13. A possible association of these chromosomal regions with susceptibility to tuberculosis in humans can now be tested in population studies from endemic areas of disease.
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Materials and methods
Animals
Inbred, pathogen free, 8-week-old C57Bl/6J and DBA/2J mice were purchased from Trudeau Animal Breeding Facility. Ninety-five (C57Bl/6J × DBA/2J)F2 progeny were bred by systematic brother sister mating of (C57Bl/6J × DBA/2J) F1. All mice were housed under standard laboratory conditions and were free of common viral pathogens according to the results of routine testing performed by the Research Animal Diagnostic and Investigative Laboratory, University of Missouri (Columbia, MO, USA). Mice between 8 and 10 weeks of age were used for infection. 5 CFU of bacilli in 0.2 ml of PBS via a lateral tail vein. Infected animals were then housed in a BL3 biohazard facility and monitored daily for the presence of severely moribund animals, which were sacrificed. Survival time were recorded and used for statistical analysis.
Genotyping
Prior to infection, tail biopsies were obtained from all animals. Genomic DNA was prepared from tail tips of individual F2 mice by incubation (12-16 h, 55°C) in 700 l of a buffer (100 mm Tris-HCl, pH8.0.5 mm EDTA, 200 mm NaCl, 0.2% SDS) containing 0.5 mg/ml Proteinase K, followed by RNase treatment (0.3 mg/ml; 2 h at 37°C). DNA was purified by serial phenol-chloroform extractions and ethanol precipitation. DNA was dissolved in 10 mm TRIS (pH8.0), 1 mm EDTA and stored frozen. Microsatellite markers (total of 163, with approximate 10 cM spacing in the genome) were selected from the Mouse Genome Database (www-genome.wi.mit.edu), because they revealed polymorphisms in DBA/2J and C57Bl/6J strains. Oligonucleotide primer pairs defining these simple sequence length polymorphisms (SSLPs) were purchased from Research Genetics (Huntsville, AL, USA). For PCR amplification of SSLPs from genomic DNA, a 50-ng aliquot of genomic DNA dissolved in PCR buffer (50 mm KCl, 10 mm Tris-HCl, pH 9.0, 1.5 mm MgCl 2 ) was used in a 12 l volume reaction, after addition of sequence-specific oligonucleotide primers (100 nmol), dNTPs (200 m each), and 1 unit of Thermophylus aquaticus (Taq) DNA polymerase (BIOCAN, Montreal, Canada). The PCR reaction included trace amount (120 nCi) of [ 32 P]␣-dATP (specific activity 3000 Ci/mmole, Amersham) to label the amplification products. The thermocycling program was one initial denaturation at 94°C for 2 min, 30 three-step cycles at 94°C for 30 s, 55°C for 30 s and 72°C for 30 s, followed by a final cycle at 72°C for 7 min. [ 32 P]-labeled PCR products were diluted twofold in 100% formamide, denatured 3 min at 90°C and electrophorezed in denaturing 8% polyacrylamide gels containing 8 M urea and TBE buffer (90 mm Tris-borate, 2 mm EDTA, pH 8). Gels were autoradiographed using Kodak BioMax films for a period of 12-16 h.
Statistical analysis
The genetic markers were assigned to and mapped within the chromosomes by multipoint linkage analysis, using the Mapmaker/EXP. 24 The order of markers onto chromosomes was identical to those in published maps. 55 As can be seen in Figure 1 , the distribution of survival time was slightly skewed in the F2 data (skewness = 0.789). Simple log 10 transformation of the data removed much of the skewness, resulting in a close approximation to a normal distribution (skewness = 0.160; Shapiro-Wilk deviation from normality W = 0.974, P Ͼ 0.25). Genomewide interval mapping analysis between the transformed quantitative trait phenotype and genetic markers for the identification of QTLs was performed using Mapmaker/EXP version 3.0 and Mapmaker/QTL 1.1.
24
LOD scores were calculated as 2 /2ln(10), with 2 values computed using the expectation/maximization algorithm in Mapmaker/QTL. Upon initial identification of linked regions, multi-locus models were fitted using Mapmaker/QTL to obtain estimates of the total phenotypic variance explained by the different chromosome regions. To evaluate possible epistasis, the most informative markers were chosen from each linked region and each pair of markers was examined using two-way factorial analysis of variance in SAS. 56 Combined epistatic effects were assessed for significance in these ANOVA models on the basis of the interaction F-ratios calculated by SAS.
Histology
Major organs were removed at the time of sacrifice and were fixed in 10% phosphate-buffered formalin, dehydrated in graded ethanol baths and embedded in paraffin by standard procedures, or in glycol methacrylate (JB-4 embedding kit; Polysciences Inc., Warrington, PA, USA) according to the supplier's instructions. Paraffin section 5 to 10 m were stained for acid-fast bacilli using Ziehl Nielsen stain and counterstained with methylene blue. Photomicrographs were taken using a Nikon Optiphot-2 photomicroscope.
